Summary.-The response of 14 mouse tumour sub-lines to the radiosensitizing action of a large single dose of misonidazole (MISO) has been assessed by regrowth delay. In 13 of these, significant enhancement of radiation effect occurred under ambient conditions, indicating sensitization of naturally hypoxic cells. The enhancement observed (SER') varied with the radiation dose, as would be predicted for a mixed oxic/hypoxic cell population. The maximum SER' in these 13 tumours did not depend on histology or regrowth rate.
did show sensitization.
The cytotoxic action of MIS0 was compared with the radiosensitization by administering it after irradiation in 8 of the tumour lines. In 2 tumours no cytotoxicity was observed. In the rest cytotoxicity was significant, but much smaller than the sensitization observed when MISO was administered before irradiation.
These regrowth-delay data have been used to calculate hypoxic fractions in 3 ways.
Estimates of hypoxic fraction ranged from <0-1% in the slow sarcoma to >30% in several tumours. There is considerable variation in the estimate, according to the technique used.
THE 2-nitromidazole misonidazole (MISO) has become widely used, both experimentally and in clinical trials, since it wasfirst shown to be an effective radiosensitizer of hypoxic cells in vitro and in vivo (Asquith et al., 1974; Denekamp et al., 1974) . Radiosensitization is a consequence of the compound's electron affinity, and in this way it mimics the effect of oxygen (Asquith et al., 1974; Adams et al., 1976) . MISO has been shown to sensitize hypoxic cells in vitro but to have no effect on welloxygenated cells. For this form of radiosensitization the drug must be present at the time of the ionizing event, the degree of radiosensitization being dependent on the local drug concentration (Asquith et al., 1974; McNally et al., 1978a (1978a) showed that the same degree of sensitization can be achieved in tumour cells in vivo, as can be achieved for Chinese hamster V79 cells in vitro, for a range of local drug concentrations. The time between administration of the drug and irradiation may be critical in the mouse, because of competition between delivery of the drug to the tumour cells and the compound's short half life in the mouse (t+=1-1b5 h) (Flockhart et al., 1978) .
The optimum interval varies from 15 to 60 min in different experimental tumours (McNally et al., 1978b; Fowler & Denekamp, 1979) . The proportion of welloxygenated to hypoxic cells in the tumour will also influence the observed sensitizer enhancement ratio (SER') since at low radiation doses the tumour response is dominated by the oxic rather than the hypoxic cells (Denekamp & Harris, 1975; Denekamp et al., 1977) . In addition to the radiosensitizing action of MISO, there is a direct cytotoxic action, which is also specific for hypoxic cells (Sutherland, 1974; Hall & Roizin-Towle, 1975) . The magnitude of this effect in human tumours is difficult to predict, but it has been shown to be small compared with the radiosensitization in both mouse and man (Denekamp, 1978; Denekamp & McNally, 1978) . This paper summarizes experimental data on the sensitizing action of MISO on aerobic tumours, assessed using a single assay method (regrowth delay) in 14 different tumour sublines. Several of these tumours have also been studied under conditions of uniform hypoxia, induced by occluding the blood supply with a clamp. In addition, the direct cytotoxic action of the drug has been tested by administering it shortly after irradiation in 8 of the tumours. A small proportion of these data has been previously published, but is included here to provide a 'comprehensive comparison.
MATERIALS AND METHODS
The regrowth-delay assay and the irradiation procedures which were used in these experiments have been described previously (e.g. Denekamp & Harris, 1975; Sheldon & Hill, 1977) . The original 6 tumours all arose spontaneously in mice of the CBA/Ht or WHT/Ht strain in our laboratory and have been maintained by s.c. passage in strictly isogeneic mice. The tumour responses are therefore believed to be free oftransplantation artefacts. The sarcomas were derived from 3 original spontaneous tumours; differences in their radiation response and/or their growth rates have been observed with successive transplantation (see Table I ). (Denekamp & Harris, 1975; McNally et al., 1978b; Denekamp & Stewart, 1978 1976-7 1976-8 1973-4 1975-6 1975-6 1975-6 1977 1977-8 1976 1976 1974-5 1976-8 1978-9 1974-5 Treatments usedt Tumours were implanted s.c. into batches of 100-250 male mice (aged 2-3 months) and irradiated on a 250 kVp Pantak X-ray set operating at 240 kV, 15mA, with a half-value layer of 1-3 mm Cu and a dose-rate of 2 or 4 gray/min. Unless otherwise stated, the mice were anaesthetized with sodium pentobarbitone, using 60 mg/kg for X-rays alone, or 40 mg/kg for X-rays plus MISO, because of the combined soporific and toxic effects of the two drugs. Details of the tumour growth rates, the size at irradiation and the size at which regrowth delay was assessed are summarised in Table I . In general sarcomas continued to grow for several days before slowing their growth rate or shrinking (Denekamp, 1972) ; hence a larger size was often used for the assay of regrowth delay in sarcomas (Table I) .
When tumours were clamped for irradiation, to render the cells uniformly hypoxic, this was achieved with a metal D-shaped clamp applied across the base of the tumour at least 10 min before and during irradiation. MISO (kindly provided by Dr C. E. Smithen of Roche Products Ltd, Welwyn Garden City) was always used as a fresh solution, made up in sterile saline at a concentration of 30 mg/ml. One mg/g body weight was administered to each mouse i.p. 15 or 30 min before irradiation or application of the clamp. After treatment the tumours were measured with vernier calipers in 3 dimensions to obtain the geometric mean diameter. The frequency of measurement was decided on the basis of the growth rates, and ranged from 5 times a week for the BS2b tumours to once or twice a week for CA RH and slow SA S.
RESULTS
The regrowth time from irradiation to a fixed size (see Table I Table I for details) is plotted as a function of radiation dose. * = X-rays alone.
A =X-rays 15-30 min after 1 mg/g MISO. Denekamp et al., 1977) . At the high dose levels the SER' values range from 1-7 to 2-2 for the 4 carcinomas (Table II) .
In Fig. 3 (Fig. 1) ; the curve for clamped tumours sensitized with MISO can be super-imposed upon the aerobic curves with or without MISO. Thus in this, as in all other tumours, when hypoxic cells are present the compound is similarly effective as a radiosensitizer (SER = 2 0). Fig. 4 demonstrates the cytotoxicity when MISO was administered shortly after irradiation. Data points are shown only for animals injected with 1 mg/g MISO 5 min after irradiation: the curves are reproduced without data points from Figs 2 and 3 for X-rays alone, or with the sensitizer given before irradiation under ambient conditions. The extent to which post-irradiation MISO influenced tumour delay varied considerably from one tumour to another.
In tumours FFS 1 and BS 2b there was clearly no additional regrowth delay for tumours irradiated with X-rays alone and given 1 mg/g MIS post-irradiation. In the other tumours the data points fall between the curves for X-rays alone and for X-rays after administration of the sensitizer. Thus a cytotoxic post-effect was detectable in 6 of the tumours, but was much smaller in magnitude (DMF= 1.2-1 4) than the resulting from a mean cell-cycle time of 50 h and a growth fraction of 20% (Denekamp, unpublished) . This slow rate of cell production and the small cell-loss factor resulted in a volume-doubling time of about 12 days. This slow cell production may have allowed the vasculature to keep pace with the increase in tumour mass, and may be the reason why no regions of hypoxia developed. In the later, more rapidly growing versions of the tumour, hypoxic cells appear to be present in tumours irradiated under aerobic conditions and these are amenable to sensitization. Thus it is clear that it is not the tumour-cell type that prevent our observing an effect in the original SA S experiments, but rather the presence or absence of hypoxia.
The equally slow CA RH and the slow lil 0 R.
. WI. 6 CA DC do show radiosensitization under aerobic conditions (Fig. 2) . The cellproliferation kinetics of these tumours are not yet available, but other studies have shown that slow growth in carcinomas is usually a result of extensive cell loss rather than slow cell production (Denekamp, 1970 (Denekamp, , 1972 . In this case the vasculature may be incapable of supplying an adequate oxygen level to all the tumour cells, resulting in naturally occurring, hypoxic, radio-resistant cells. At high radiation doses, the degree of radiosensitization of aerobic tumours approaches that when the tumours are clamped (Table II) . This is consistent with hypoxic cells dominating the response as more cell killing occurs (Denekamp & Harris, 1975) . It demonstrates that naturally hypoxic cells and those made acutely hypoxic are equally accessible to the drug, and that the effect of the radiosensitizer is not being measurably limited by diffusion.
The reason for the slightly different maximum SER' values in the different tumours is not known. These could result from differences in drug availabilitv at the sites of the hypoxic cells in different tumours, but the clamped vs aerobic tumour comparisons make this seem unlikely. Alternatively it could reflect differences in the intrinsic response of different cell lines to the same drug concentration, as has been observed in vitro (McNally et al., 1978a) .
All the tumours were irradiated at 15 or 30 min after the same drug dose (1 mg/ g). However, the serum level achieved in the two mouse strains differs, being 1f4 mg/ml for CBA and 1 mg/ml for WHT mice of equal size (-30g) after 1 mg/g administered (Denekamp et al., unpublished) . This is unlikely to account for the differences observed, because the wide variations in SER' have been found in the two later versions of the fibrosarcoma, which of course are in the same strain of mice. The concentration of drug at the site of the hypoxic cells in these tumours is unfortunately unknown.
A major factor which will influence the measured SER' is the hypoxic fraction. The hypoxic fractions can be calculated for these tumours in three ways:
(A) By looking at the changing SER' with dose per fraction, if a maximum SER value is known, or can be deduced.
(b) By comparing the aerobic and hypoxic response (Thomlinson & Craddock, 1967) . (C) By converting the regrowth-delay curves into "pseudo cell survival curves" and extrapolating back from the break point (Denekamp & Harris, 1975) .
The first approach has been used for human tumour data (Denekamp et al., 1977 ) and the technique is described in more detail in another paper in preparation (Denekamp et al.) .
The hypoxic fractions calculated in these three ways are summarised in Table   TABLE III A. From cell-survival curves constructed for a mixed population of oxic and hypoxic cells to give an SER' estimate at 10 Gy. Assumptions: OER= 2-7, SER=2-0, Do=135, n=-20, initial/final slope ratio = 3.
B. From the vertical displacement of the aerobic and clamped lines (assuming one doubling time of the tumour corresponds to a factor of 2 in cell killing).
C. By extrapolation of the "breakpoint" on the aerobic curves back to zero dose, and constructing "pseudo survival curves" as in Denekamp & Harris (1975 (Denekamp et al., 1977) . Thus the clinical estimates of hypoxic fractions may also be underestimates.
The extent of post-irradiation cytotoxicity was markedly different in the 8 tumours studied (Fig. 4) . Two tumours had no apparent cytotoxic effect, whereas the others showed a variable extra delay in regrowth due to administration of the drug shortly after irradiation. This increased delay is attributable to direct cytotoxic action of the drug. It may be specifically due to anaerobic metabolism of the MISO to a more toxic reduced product which may be lethal to the hypoxic cells themselves or to neighbouring oxic cells. The cvtotoxic effect was not very large, corresponding at most to a dose-modifying factor of [1] [2] [3] [4] or an extra decade of cell kill. This is much smaller than the effect predicted from the in vitro experiment designed to simulate the serum concentration and half life in the mouse (Stratford & Adams, 1978) . It has been shown for in vitro experiments that there is a considerable threshold time of exposure before cell killing occurs, and that this is dose dependent Hall et al., 1978) . As has been discussed previously (Denekamp, 1978) the small size of the effect in mouse tumours may result from the short half life in the mouse (1-1-h) or the rapid turnover of hypoxic cells in the tumour. Cells which are acutely hypoxic only for the duration of irradiation (e.g. as a result of periodic opening and closing of blood vessels) may be more important to the radiation response than cells which are chronically hypoxic at a maximum distance from the capillaries (Yamaura & Matsuzawa, 1979; Brown, 1979) . Such transiently hypoxic cells would not be exposed to the drug in a hypoxic environment for long enough to allow full expression of the anaerobic metabolism and hence cytotoxicity. However, all efforts to overcome the problem of a short half life (by nephrectomy to prevent excretion, by repeated injections of drug or by continuous infusion) have proved incapable of demonstrating a much larger cytotoxic effect in mice (Brown et al., 1979; Pedersen et al., 1979) . This is consistent with deductions of minimal cytotoxicity from the scanty human data that are available, where the longer half life in man (10-18 h) should permit the full cytotoxic effect (Denekamp & McNally, 1978) .
In summary, the radiosensitizing ability of MISO when tested with a single assay of tumour response is similar in a wide range of tumours. Hypoxic cells, when present naturally or as a consequence of occluding the blood supply, are accessible to MISO and are sensitized by it to a large extent. The extent of radiosensitization at any dose level is dependent on the proportion of hypoxic cells in the tumour, but at high doses the values obtained in aerobic tumours are close to those in fully hypoxic (clamped) tumours. The postirradiation effect of MISO is either absent, or much smaller than the full radiosensitizing effect, in these mouse tumours.
